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1.  SUMMARY 

A.  Millimeter  Source  Candidates 

Millimeter  wave  sources  have  been 
evaluated  as  candidates  for  compon- 
ents of  a short  range  radar  system.  The 
frequency  regions  considered  are 
centered  near  94  GHz  (3.2mm),  140 
GHz  (2.14  mm),  220  GHz  (1.36  mm),  350 
GHz  (.850  mm),  and  408  GHz  (.735 
mm).  These  regions  are  especially 
promising  because  of: 

• Narrow  beams  with  small  antennas. 

• Some  existing  component  tech- 
nology. 

• Atmospheric  windows  at  these 
frequencies. 

B.  Basis  for  Source  Evaluation 

Millimeter  sources  were  evaluated  as 
candidates  for  transmitter  sources  and 
as  local  oscillators.  The  performance 
parameters  considered  were: 

• Efficiency. 

• Output  power. 

• Volume  and  weight. 

• Availability. 

• Ruggedness. 

• Frequency  stability. 


Efficiency  and  output  power  were  of 
paramount  importance  for  transmitter 
sources.  They  were  less  important  for 
local  oscillators. 

C.  Transmitter  Sources 

(1)  Sources  for  Near  Term  Sys- 
tems. Consideration  of  the  above 
factors  lead  to  the  following: 

• Solid  State  Source  - Impatt  diode. 
The  Impatt  diode  is  the  only  device 
which  currently  produces  reasonable 
output  power  ( ~ lw  peak  at  94  GHz)  at 
the  frequencies  of  interest.  It  is 
lightweight  and  rugged,  but  noisy. 

• Tube  Sources.  These  sources  are 
ranked  by  their  desirability  according 
to  the  criteria  above. 

— Gyrotron  - The  gyrotron  tube  is 
not  presently  available  in  the  US. 
However,  the  Soviet  version  produces 
high  power  (10  Kw  cw,  at  1.9  mm  and  1 
Kw  at  .9  mm)  is  very  efficient  (as  30%  at 
1.9  mm  and  6%  at  .9  mm).  US  develop- 
ment of  these  tubes  is  essential. 

— Extended  Interaction  Oscillator 
(EIO)  - The  EIO  produces  good  output 
power  (1  w cw,  20  w pulse)  and  is 
capable  of  coherent  operation.  Of  the 
presently  available  sources  it  is  the 
most  promising. 

• Travelling  Wave  Tube  (TWT)- While 
the  TWT  is  not  properly  a source,  but 
an  amplifier,  it  can  be  driven  by  a 


stable  low  power  source.  Hughes  has 
developed  a very  powerful  (1  Kw  @ 94 
GHz  with  a msec  pulse)  TWT  oper- 
ating at  94  GHz.  Potential  of  the  TWT 
at  higher  frequencies  is  doubtful. 

• Carcinotron  - This  tube  produces 
reasonable  power  (— lwcwat  A = 1 
mm).  It  has  a relatively  large  tuning 
range  ( ~ 20%),  accompanied  however 
by  a wide  variation  of  output  power. 
Well  designed,  highly  regulated  power 
supplies  are  required  for  frequency 
stability. 

(2)  Transmitter  Sources  for 
Future  Systems. 

(a)  Cyclotron  resonance  tubes. 
Numerous  tubes  under  this  generic 
name,  including  the  above  mentioned 
gyrotron,  as  well  as  relativistic  elec- 
tron beam  (REB)  tubes,  and  the  free 
electron  laser,  are  under  development. 

(b)  Optically  pumped  molecular 
(OPM)  lasers.  These  lasers,  typically 
excited  by  CO2  laser  are  promising  as 
dual  mode  transmitter  sources. 

D.  Local  Oscillators 

% 

(1)  Local  Oscillators  for  Near 
Term  Systems. 

(a)  Solid  state  devices  - The  Gunn 
diode  currently  operates  at  frequencies 
up  to  100  GHz.  It  is  a stable,  low  noise, 
presently  low  power  ( ~ mw  cw)  source. 


Frequency  multiplication  may  be 
required  to  use  this  device  at  higher 
frequencies. 

(b)  Tube  - The  reflex  klystron  is  a 
highly  developed,  stable  source  but 
may  also  require  frequency  multi- 
plication to  reach  higher  frequencies. 

(2)  Local  Oscillators  for  Future 
Systems. 

(a)  Optical  pumped  molecular  laser 
(OPM  laser)  - The  OPM  laser  is 
extremely  quiet  and  stable,  and  cap- 
able of  producing  large  amounts  of 
power.  Much  packaging  work  would  be 
required  for  it  to  function  in  a tactical 
system. 

(b)  Josephson  junction  - A dark  horse 
candidate  for  use  as  a local  oscillator; 
it  requires  cryogenic  temperatures  for 
operation. 

E.  Further  Recommendations 

Development  of  InP  technology 
should  be  supported  as  well  as  the 
search  for  new  high  mobility  solid 
state  materials. 

New  techniques  for  producing  en- 
ergy in  this  wavelength  region  should 
be  sought  out  and  supported  keeping  in 
mind  that  until  a source  can  produce 
more  energy  than  a black  body  it  is 
highly  speculative. 
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2.  MILLIMETER  WAVE 
SOURCES 

A.  Black  Body 

The  simplest  source  of  1 mm 
radiation  is  a mercury  arc-lamp. 
The  effective  temperature  of  the 
plasma  is  4 * 103OK.  The  radiation 
is  in  the  Rayleigh-Jeans  limit  of  the 
Planck  black-body  distribution, 
given  by  the  power  radiated  from  a 
1 cm2  source  into  2tt  steradian  (sr) 
solid  angle  is: 

P = (9.6  x l0-“)(  d 2T  A u ) 

where  v = frequency,  T = tempera- 
ture in  degrees  Kelvin  and  Au  = 
bandwidth.  For  a bandwidth  of  30 
GHz  the  simple  mercury  arc  can 
produce  on  the  order  of  1.0  u watts 
at  1 mm.  Figure  1 shows  the  black 
body  emission  calculated  using  the 
full  Planck  equation  rather  than 
the  Rayleigh-Jeans  approximation. 

B.  Electron  Beam  Devices 

Extension  of  the  tube  technology 
developed  for  centimeter  wave  gener- 
ation has  produced  millimeter  and 
submillimeter  coherent  devices.  How- 
ever, difficulties  are  met  in  scaling  to 
shorter  and  shorter  wavelengths.  The 
basic  problems  are  outlined  below: 

• The  dimensions  are  proportional  to 
the  reciprocal  of  the  frequency,  u-1. 


thus  as  the  frequency  is  increased 
machining  problems  multiply. 

• Heat  dissipation  becomes  more  and 
more  difficult  as  the  frequency  in- 
creases. The  thermal  limit  seems  to 
follow  a it2  law;  (it  depends  on  the 
area). 

• These  devices  operate  through  the 
interaction  of  a standing  or  propa- 
gating electromagnetic  wave  with  an 
electron  beam.  The  electric  field 
associated  with  the  wave  must  be 
relatively  strong  across  the  diameter 
of  the  electron  beam.  This  requirement 
reduces  the  space  for  electron  beam 
propagation  and  makes  it  very  diffi- 
cult to  avoid  unwanted  interception  of 
the  electron  beam  by  the  tube  body  a nd 
the  associated  heat  dissipation  prob- 
lems. The  area  over  which  the  electron 
beam  can  interact  with  the  electro- 
magnetic field  scales  with  X2.  If  the 
area  of  the  beam  is  decreased  to 
prevent  interception,  the  e-beam  cur- 
rent must  increase  -to  return  the  same 
interaction  strength. 

• Reduction  in  skin  depth  with  fre- 
quency causes  the  rf  circuit  loss  to 
increase  as  u1/2.  This  increases  the 
minimum  beam  current  needed  for 
oscillation.  Combining  this  v l/  2 de- 
pendence with  the  v2  dependence  on 
current  associated  with  a reduction  in 
beam  area  (preceding  paragraph) 
results  in  the  minimum  current  den- 
sity increasing  as  v 5/2.  The  resulting 
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required  current  density  exceeds  100 
amps/cm2.  Electrostatic  focusing  is 
required  because  a cathode  designed  to 
provide  a reasonable  lifetime  (1000 
hours)  provides  about  3 amps/cm2  CW 
and  10  amps/cm2  pulsed.  Focusing 
increases  the  transverse  component  of 
velocity  in  the  beam  which  increases 
the  required  size  of  the  magnetic 
confining  field. 

• Higher  voltages  can  be  used  to 
increase  the  output  power  but  only  at 
the  expense  of  efficiency  and,  weight. 
The  size  of  the  rf  structure  scales  with 
voltage. 

• At  lower  frequencies,  M-type  (cros- 
sed field)  devices  have  efficiencies 
between  45  and  52%;  and  O-type 
devices  (linear  beam)  have  efficiencies 
less  than  40%.  At  higher  frequencies,  a 
linear  beam  device  is  much  more 
efficient  than  the  crossed  field  device 
because  the  spent  electron  beam  in  the 
linear  device  can  be  dumped  into  a 
separate  electrode  at  a depressed 
potential.  Also  a longer  interaction 
path  between  the  electron  beam  and 
the  field  is  required  at  higher  frequen- 

[ cies  for  the  M-type  due  to  their  lower 

gain.  Figure  2 shows  the  current  limits 
of  an  M-type  tube  (magnetron).  It  is 
concluded  that  the  magnetron  is  best 
|l  used  as  a generator  of  millimeter 

waves  under  pulsed  conditions.  When 
driven  with  pulses  of  less  than  several 
microseconds  duration,  peak  power 
outputs  are  attainable  in  the  general 


range  of  250-300  kW  multiplied  by  the 
wavelength  (in  centimeters)  squared. 

C.  Conventional  Tubes 

Current  conventional  tubes  appear 
to  have  a power  limitation  that  follows 
a v 5 dependence  much  like  the  limit  in 
gridded  tubes.*  Figure  3 graphically 
displays  the  frequency  dependence  of 
the  output  power.  Solid  state  sources 
are  also  displayed  in  this  figure.  The 
solid  state  limit  has  a strong  theoreti- 
cal basis  while  the  tube  limit  is  an 
engineering  limit.  In  summary  the 
engineering  problems  that  limit  the 
output  power  in  millimeter  wave 
devices  are: 

• Power  dissipation  in  fragile 
structures. 

• Ability  to  manufacture  small  struc- 
tures. 

• Control  of  e-beam  to  reduce  thermal 
dissipation. 

• Control  of  e-beam  quality  from  high 
convergent  guns. 

• High  circuit  losses  (skin  depth  is 
decreasing). 

•NOTE:  The  reasons  for  the  gridded  tube  limit  are: 
(a)  grid  dissipation  and  (b)  transmit  time  effects 
across  the  grids.  These  reasons  are  not  the  same  as 
for  the  beam  tube  limit  but  the  end  result  is  a similar 
drop  in  output  power  with  frequency 
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MINIMUM  OUTPUT  POWER  IN  kW 


FREQUENCY  IN  GHz 

Figure  2.  Commercially  Available  Pulsed  Millimeter  Magnetrons 
(Reference  1) 
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Figure  3.  Power  Limitations  of  Current  Microwave 
Tubes  and  Solid  State  Devices 
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Let  us  now  examine  each  of  the 
various  types  of  tubes. 

(1)  Backward  Wave  Oscillator 
fBWO):  Most  are  of  the  type  known  as 
Carcinotron.  The  field  is  a slow  wave 
travelling  along  a vaned  wave-guide. 
The  vanes  are  a row  of  quarter-wave 


stubs.  The  beam  is  magnetically 
focused  alonfr  a cylindrical  channel 
(Brillouin  flow).  The  limits  on  this  type 
are  governed  by  the  ability  to  generate 
and  control  very  dense  electron  beams 
(Figure  4).  The  current  frequency 
limits  are  shown  in  Figure  5 and  Table 
1. 


Figure  4.  The  Limit  in  Wavelength  as  a Function  of  the  Gun 
Convergence  for  Different  Current  Densities  at  the  Cathode  of  a BWO 
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MILLIWA' 


4 2 1 0.5  0.25 


FREQUENCY  (GHz) 

WAVELENGTH  (mm) 

Figure  5.  Maximum  Powers  Produced  by  Type  0 Carcinotrons  at 
Different  Wavelengths. 


TABLE  1.  CHARACTRISTICS  OF  AVAILABLE  CARCINOTRONS 


WAVELENGTH 

CURRENT 

VOLTAGE 

POWER 

EFFICIENCY 

(mm) 

(mA) 

(kV) 

(W) 

(%) 

4 

65 

6 

38 

11 

2 

45 

6 

8 

4 

1 

30 

10 

1.4 

0.5 

0.5 

35 

10 

15x10"’ 

4x10’ 

0.4 

35 

10 

9x10-’ 

2x10"’ 

0.35 

45 

10 

0.25x10-’ 

6x10-’ 

Advantage: 

• Can  be  rapidly  electronically  tuned 
over  at  least  a 10%  tuning  range. 

Disadvantages: 

• Output  power  varies  with  the  fre- 
quency (see  Figure  6). 

• The  output  frequency  is  very  sensi- 
tive to  the  beam  voltage  (as  high  as 
30  MHz/volt). 

• TL  equired  precision  in  machining 
and  alignment  and  the  large  values 
of  beam  voltage  and  magnetic  field 
make  the  tubes  large  and  expensive. 

(2)  Travelling-Wave  Amplifiers: 
Below  100  GHz  a coupled  cavity  design 
can  be  used.  (Helix  designs  are  limited 
to  a maximum  frequency  of  about  35 
GHz  due  to  thermal  dissipation  prob- 
lems.) Above  100  GHz  a slow  wave 
structure  is  preferred.  The  same  beam 
focusing  method  as  use  in  the  BWO  is 
used  for  the  TWT. 

Advantages: 

• Up  to  three  orders  of  magnitude 
more  power  is  expected  from  a TWT 
than  a BWO  at  a given  operating 
voltage.  1-5  kW  has  been  produced  at 
94  GHz. 

• High  efficiency  is  obtained  by  the 
use  of  depressed  collector  voltage. 


• Can  use  periodic  permanent  mag- 
netics. 

Disadvantage: 

• The  bandwidth  of  the  coupled  cavity 
devices  can  be  as  high  as  10%  but 
normally  high  power  amplifiers 
have  a bandwidth  of  2 to  4%.  The 
helix  devices  can  have  as  much  as  an 
octave  bandwidth. 

(3)  Conventional  Klystrons.  The 
conventional  klystron  amplifier  con- 
sists of  two  or  more  re-entrant  cavities. 
The  first  cavity  modulates  the  beam 
and  the  final  cavity  extracts  energy  by 
demodulating  the  beam.  If  feedback  is 
provided  between  the  two  cavities  the 
device  can  operate  as  an  oscillator.  The 
electron  beam  forming  and  focusing 
subsystems  are  of  the  same  type  as 
used  in  the  TWT  and  BWO.  Recent 
research  devices  of  this  type  have  been 
used  for  harmonic  generation.  The 
energy  extraction  cavity  couples  out 
harmonics  of  the  fundamental  fre- 
quency. Figure  7 shows  theoretical 
limits  on  this  type  of  tube. 

Advantage: 

• Stable  single  frequency  source. 
Disadvantages: 

• Cavity  losses  at  higher  frequencies 
make  it  increasingly  difficult  to 
approach  ideal  efficiencies. 
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POWER  (mW) 


Figure  7.  Short  Wavelength  Limit  of  Reflex  Klystron 

(From  van  Iperen,  B.  B.,  Philips  tech.  Rev.  21,  226  (I960)).  Broken  curves  show  the 
theoretic  maximum  available  beam  current.  The  minimum  current  for  oscillation  is 
shown  by  the  solid  lines.  To  obtain  oscillations  it  is  necessary  to  be  able  to  choose  a gap 
diameter  b where  the  available  current  (brckon  curve)  exceeds  the  minimum  required 
current  (solid  curve). 


16 


• The  tuning  range  and  instantaneous 
bandwidth  is  limited,  typically  less 
than  2%. 

• Limited  lifetime  on  the  order  of  100 
hours  where  high  powers  are  re- 
quired. 

(4)  Extended  Interaction  Osci- 
llators. These  devices  are  klystrons 
with  a single  cavity  formed  from  a 
section  of  slow  wave  structure  short- 
circuited  at  each  end  (see  Figure  8).  The 
interaction  between  the  beam  and  the 
field  occurs  in  the  same  way  as  it  does 
for  a TWT  or  a klystron.  The  power 


modes  of  this  device  are  very  similar  to 
those  of  a reflex  klystron,  which  leads 
to  the  possibility  of  “double  moding”. 

Advantages: 

• Higher  power  than  the  reflex  kly- 
stron (1  watt  CW  and  20  watts  pulsed 
at  280  GHz).  Power  is  limited  by  e- 
beam  current  densities  obtainable. 

• Lifetime  on  the  order  of  1000  hours. 

• Good  output  power  and  frequency 
stability. 
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Figure  8.  Configuration  of  Varlan 
Extended  Interaction  Oscillators  operating 
in  the  140-230  GHz  range. 


• Length  of  the  slow  wave  structure  is 
only  a fraction  of  that  of  a BWO 
resulting  in  a smaller  tube  and 
focusing  magnet. 

Disadvantages: 

• Tuning  range  is  not  as  broad  as  it  is 
for  a BWO. 

• Cannot  be  used  as  an  amplifier. 

(5)  Ledatron.  This  device  has  two 
modes  of  operation.  In  the  first  mode, 
the  electron  beam  interacts  with  a field 
in  a Fabry  Perot  cavity  whose  axis  is 
transverse  to  the  beam  current.  The 
Fabry  Perot  cavity  is  constructed  with 
a grating  mirror  whose  spacing  is  less 
than  the  operating  wavelength  and  a 
smooth  mirror.  The  second  mode 
results  from  an  interaction  of  the  beam 
with  a field  propagating  as  a surface 
wave  on  the  grating. 

Advantages: 

• The  Fabry  Perot  resonator  can  be  a 
large  device.  The  frequency  is  de- 
termined almost  completely  by  the 
grating  period,  thus  construction 
problems  are  reduced  to  the  fabrica- 
tion of  the  grating  mirror. 

• Reduced  heat  dissipation  problems 
because  it  is  easier  to  avoid  intercep- 
tion of  the  e-beam  by  the  tube  body. 

• 40%  tuning  range 

• Output  coupling  is  easy. 


Disadvantages: 

• Starting  currents  are  high. 

• Magnetic  fields  on  the  order  of 
several  kilogauss  are  required. 

The  tubes  described  above  require 
ultra-high  precision  manufacturing 
techniques  to  obtain  a periodic  struc- 
ture that  generates  a varying  electro- 
magnetic field.  An  alternative  ap- 
proach is  to  propagate  the  electron 
beam  along  a magnetic  field  in  a 
smooth  cylindrical  wave  guide  (see 
Figure  9)  and  produce  the  required 
periodicity  by  causing  the  e-beam  to 
“bunch”. 

The  following  devices  use  a periodic 
density  variation  of  the  e-beam  in  their 
operation. 

(6)  Cyclotron  Resonance  (Gyro- 
tron).  In  this  device  an  electron  beam 
is  propagated  through  a smooth 
cylindrical  waveguide.  A periodicity  in 
the  e-beam  is  produced  by  the  cyclo- 
tron frequency  of  the  electrons, 

i>  = eH 
n 2 ir  m C 

where  n is  the  harmonic  number. 

To  obtain  300  GHz  a field  of  100  k 
gauss  is  required  which  means  a 
superconducting  magnetic  is  required. 
It  is  possible,  however,  to  obtain  a 
harmonic  of  the  cyclotron  frequency 
reducing  the  required  magnetic  field. 
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ALTERNATING  ELECTRIC  FIELD 
E = E Re[exp(iwt-i  )] 

Figure  9.  Gyrotron  Characterises 


Advantages: 

• High  efficiency  — 43%  has  been 
obtained. 

• In  principle  a wide  tuning  range 
should  be  possible,  but  multiple 
modes  of  the  overmoded  wave  guide 
used  in  the  gyrotron  limit  the  tuning 
range  substantially. 


e High  power:  at  1.9  mm,  10  kW  at 
30%  efficiency; 
at  0.9  mm,  1 kW  at  6% 
efficiency. 

Disadvantages: 

• Large,  spatially  uniform  magnetic 
fields  are  required. 


19 


• To  obtain  efficient  operation,  the 
wide  tuning  range  of  the  cyclotron 
must  be  sacrificed  to  obtain  resonant 
enhancement  by  coupling  to  the 
wave  guide  modes. 

• Requires  an  e-beam  with  a very 
uniform  velocity. 

(7)  Relativistic  e-beams.  Relativ- 
istic effects  (mass  increase)  are  impor- 


tant in  the  cyclotron  resonance  de- 
vices, but  relativistic  electron  beams 
are  not  required.  A new  method  of 
producing  millimeter  and  submilli- 
meter radiation  does  require  relativistic 
electron  beams  illuminated  by  electro- 
magnetic radiation  (Figure  10).  The 
output  frequency  is  on  the  order  of  75 
times  greater  than  the  beam’s  cyclotron 
frequency.  The  origin  of  the  radiation  is 
thought  to  be  due  to  a Doppler  shift 


Figure  10.  Cutaway  View  of  a Relativistic  E-Beam  Submillimeter  generator 
(Reference  4) 


The  output  is  obtained  through  a window  that  passes  only  the  reflected  signal. 
The  dotted  sections  indicated  an  input  scheme  necessary  to  operate  the  device  as 
an  amplifier. 
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when  the  radiation  is  scattered  by  the 
electron  beam.  Two  different  types  of 
scattering  occur.  Scattering  from  the 
beam-vacuum  interface  produces  short 
pulses.  Scattering  due  to  the  production 
of  plasma  oscillations  in  the  e-beam  by 
the  electromagnetic  wave  produces 
pulses  whose  duration  is  limited  by  the 
e-beam  current  pulse. 


Advantages: 

• High  power  upconverter. 

• Requires  magnetic  fields  on  the 
order  of  1 k gauss. 

Disadvantages: 

• High  currents  (5  * 104  - 106  amps)  are 
required.  These  currents  are  present- 
ly produced  only  in  short  pulses. 

• Accelerating  voltages  of  2 M V are 
needed  to  obtain  relativistic  veloc- 
ities (Figure  11). 

(8)  Ubitron.  (Figure  12)  A smooth 
wave  guide  is  used  in  this  device  as  in 
the  gyrotron  and  the  beam  propaga- 
ting through  the  wave  guide  is  given  a 
periodic  disturbance  by  using  a spat- 
ially periodic  magnetic  field.  The  beam 
is  bunched  longitudinally  in  the 
Ubitron  and  transversely  in  the 
Gyrotron.  Efficiencies  between  3 and 
6%  have  been  obtained  without  a 
depressed  collector. 


Advantages: 

• Does  not  require  a high  magnetic 
field. 

• A very  high  power  device  by  virtue  of 
the  use  of  hollow  beam  magnetron 
guns  to  obtain  high  beam  currents. 

• Wide  bandwidth. 

Disadvantages: 

• Requires  high  operating  voltages. 

• Periodic  H-field  is  needed. 

D.  Solid  State  Devices 

All  solid  state  oscillators  which 
depend  on  transport  of  charge  carriers 
suffer  the  power  output  limitation 
known  as  the  Johnson  DeLoach 
relationship.  This  relationship  states 
that  the  power  output  of  the  device 
multiplied  by  its  reactance  is  inversely 
proportional  to  the  frequency  squared. 
Because  reactance  is  also  dependent 
on  impedence  matching  requirements, 
the  relationship  reduces  to  the  power 
depending  upon  u 2,  (Figures  3 and  13). 
Arrays  of  coupled  solid  state  oscil- 
lators could  be  used  at  a penalty  of 
increased  complexity. 

(1)  Tunnel  Diodes.  This  was  the 
first  active  two  terminal  semicon- 
ductor device  to  generate  coherent 
radiation  in  the  millimeter  region.  The 
maximum  frequency  of  this  device  is 
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determined  by  its  junction  diameter. 
At  high  frequencies  the  lifetimes  are 
short  and  the  output  powers  are  on  the 
order  of  what  can  be  obtained  from  a 
Hg  arc  source. 

(2)  Gunn  Diode.  In  materials  such 
as  GaAs  and  InP  the  electronic 


configuration  is  such  that  above  some 
minimum  applied  field  a negative 
resistivity  is  observed.  This  is  due  to  a 
change  in  mobility  (increase  in  effect- 
ive mass)  of  the  electrons.  The  nega- 
tive resistance  can  be  used  to  produce 
oscillation  in  a tuned  rf  circuit.  The 
maximum  obtainable  frequency  is 


Figure  11.  Typical  Relativistic  e-Beam  Device 

The  Naval  Research  Laboratory's  Gamble  II,  a typical  relativistic  e-beam  device 
(REB).  Most  of  the  components  illustrated  are  common  to  all  REB's.  The  size  of  the 
device  is  determined  by  energy  requirements. 
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given  by  the  relaxation  of  the  mobility 
states.  GaAs  and  InP  will  not  be  useful 
at  frequencies  higher  than  300  GHz. 
InP  is  a more  promising  material  for 
high  frequency  operation  by  virtue  of 
its  higher  mobility.  More  effort  needs 
to  be  spent  bn  its  development.  Mater- 


ials with  much  shorter  relaxation 
times  (and  preferably  higher  mobilit- 
ies) must  be  found.  Gunn  diodes  are 
available  that  operate  up  to  100  GHz 
with  powers  on  the  order  of  10  mW. 
They  are  of  interest  as  local  oscillators 
due  to  their  low  noise. 
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Figure  12.  Ubitron 

Two  methods  of  spatial  modulation  are  shown:  a)  a rippled  magnetic  field 
produced  by  inserting  aluminum  and  iron  inside  the  solenoid,  and  b)  a helically 
perturbed  held  produced  by  an  iron  helix  inside  the  solenoid. 
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Figure  13.  Output  power  versus  frequency  for  some  avalanche  and  transferred 
electron  diodes. 


Advantages: 

• Low  noise  — Low  noise  is  exhibited 
over  a wide  tuning  range. 

• Easy  to  manufacture. 
Disadvantages: 

• High  power  at  the  desired  frequen- 
cies is  not  available  due  to  material 
limitations. 

(3)  IMPATT  Diode  (Impact  Ava- 
lanche and  Transit  Time).  (Figure 
14)  In  this  device  (constructed  in 
Silicon  or  GaAs),  carriers  from  a 


reverse  biased  p-n  junction  are  injected 
into  an  intrinsic  drift  region.  The  field 
across  the  drift  region  is  high  enough 
so  that  the  velocity  of  the  electrons  is 
constant  and  independent  of  the 
electric  field.  When  an  alternating 
field  is  superimposed,  a phase  lag 
occurs  between  the  charge  carriers  and 
the  field.  This  results  in  a negative 
resistance  that  can  be  used  to  produce 
oscillation.  The  maximum  frequency 
is  dependent  on  the  thickness  of  the 
drift  layer  and  the  thickness  of  the 
depletion  layer  at  the  avalanche 
junction.  It  is  difficult  to  fabricate  and 
cool  very  thin  drift  layers.  Very  thin 
depletion  layers  can  lead  to  breakdown 
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Figure  14.  94  GHz  Impatt  Diode 

or  tunneling.  These  limitations  lead  to 
a rapid  fall-off  of  efficiency  above 
about  100  GHz.  New  high-mobility 
materials  are  needed  to  obtain  high 
efficiencies  above  100  GHz. 

Hughes  Electron  Dynamics  Division 
has  obtained  520  mW  over  a chirp 
frequency  range  of  211  to  215  GHz  at  a 
2.6%  efficiency.  To  reduce  the  react- 
ance of  the  device  to  reach  this  high 
operating  frequency,  it  was  necessary 
to  eliminate  the  Impatt  package  and 
make  the  diode  an  integral  part  of  the 
waveguide  circuit. 


Advantage: 

• Higher  output  power  than  a Gunn 
oscillator. 

Disadvantages: 

• Low  efficiency  in  the  region  of 
interest. 

• Noisy  and  the  noise  varies  over  the 
tuning  range. 

• When  operated  as  a pulsed  source  at 
high  power,  frequency  stability  is 
lost  due  to  heating  during  a pulse. 
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E.  Josephson  Junctions 

When  two  superconductors  sepa- 
rated by  a thin  (10-15°A)  insulating 
layer  have  a voltage  imposed  across 
the  insulating  layer,  then  an  alter- 
nating field  is  generated  at  a frequency 
given  by 

u = 2 eV/h 

if  V = 1 millivolt  then  v = 483.6  GHz. 
The  powers  obtained  to  date  have  been 
on  the  order  of  10  ~9  watts.  It  might  be 
possible  to  use  arrays,  but  the  advan- 
tage of  broadband  tuning  would  be 
lost.  The  reasons  for  the  low  output 
powers  are:  (a)  very  little  power  in  the 
a.c.  current  in  the  junction  due  to  the 
low  impedance  of  the  junction,  and  (b) 
it  is  difficult  to  match  the  low  imped- 
ance source  to  free  space  or  to  a 
waveguide. 


Advantages: 

• Broadband  tuning  is  possible  but  it 
is  difficult  to  design  a junction  to 
realize  this  advantage. 

Disadvantages: 

• Low  output  power. 

• Must  be  operated  below  23°K. 

• Difficult  to  couple  energy  out  of  the 
junction. 


F.  Lasers 

(1)  Electric  Discharge  Lasers. 
Lasers  using  collisional  excitation 
mechanisms  in  a discharge  have  been 
operated  at  wavelengths  as  long  as  337 
um  (HCN)  but  none  has  operated  near 
1 mm.  Decomposition  of  the  lasing 
medium  has  been  a problem  in  this 
type  of  long  wavelength  laser. 

(2)  Optically  Pumped  Lasers. 
(Figure  15)  This  type  of  laser  uses 
radiation  from  a CO  2 laser  to  excite  a 
vibrational  transition  in  a symmetric 
top  molecule  such  as  CHgF.  A rota- 
tional transition  in  the  excited  vibra- 
tional state  produces  the  millimeter  or 
submillimeter  radiation  (Figure  16). 
Over  500  transitions  using  this  tech- 
nique have  been  observed.  This  tech- 
nique is  still  in  the  research  stage. 

Advantages: 

• Very  stable  frequency  source. 

• No  known  power  limitations  but 
efficiencies  are  limited. 

• Can  operate  either  pulsed  of  CW. 
Disadvantages: 

• Not  continuously  tunable;  in  fact, 
several  different  gases  would  be 
required  to  change  frequencies  over 
an  atmospheric  window.  It  should  be 
pointed  out  that  changing  gases  is  a 
very  easy  operation. 
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Figure  IS.  Submillimeter  waveguide  laser 

The  C02  pump  laser  is  on  the  left.  The  sub-  equipment  shown  is  being  used  for 

millimeter  laser  is  on  the  right.  The  propagation  measurements. 


• One  photon  at  10.6  um  is  expended 
for  each  photon  at  1 mm. 

• The  technology  is  in  its  infancy. 

(3)  Rydberg  States.  It  has  been 
postulated  that  a laser  could  be  made 
by  optically  pumping  Rydberg  states. 
It  has  yet  to  be  proven. 


This  beam  will  amplify  radiation 
moving  with  the  beam  through  the 
field.  Radiation  is  also  absorbed  by  the 
electrons.  The  wavelength  for  absorp- 
tion is  shorter  than  the  wavelength  for 
stimulated  emission  (amplification)  by 
the  fraction 

2 hu/Ymc2 


(4)  Free  Electron  Laser.  A relativ- 
istic e-beam  is  passed  through  a 
periodic  magnetic  field  (Figure  17). 
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The  relationship  between  the  line- 
shapes  for  emission  and  absorption 
are  illustrated  schematically  in  Figure 


Figure  16.  Rotational  transitions  suitable 
for  lasing  in  a symmetric  top  molecule. 


18.  The  output  frequency  increases  as  Advantages: 
the  square  of  the  electron  beam  energy. 

This  type  of  laser  is  still  in  its  infancy.  • Tunable  source. 

0.36  watts  average  power  and  7 kW 

peak  power  has  been  produced  at  3.9  • Potential  for  high  power. 

#*m  using  a 34  M eV  e-beam  and  a 2.4  k 

Gauss  magnetic  field.  Work  has  also  Disadvantages: 

been  done  at  10.6  **m  Longer  wave- 
lengths would  require  lower  e-beam  • Present  efficiencies  are  quite  low. 
energies.  Improved  efficiencies  should  be  ob- 
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Figure  17.  Typical  free  electron  laser  Reference:  (D.A.G.  Deacon,  et  al) 


tainable  with  a storage  ring  but  it 

has  not  yet  been  demonstrated. 

G.  Frequency  Converters 

(1)  Diodes.  Ideally,  a non-linear 
contact  would  produce  harmonic 
power  proportional  to  1/n2  where  n is 
the  harmonic  number.  Non-linear 
junctions  can  be  formed  between 
metal-semiconductor,  phosphorous 
and  carbon-ion  bombarded  silicon, 
and  GaAs.  To  get  to  high  frequencies 
requires  very  small  contact  areas 
reducing  the  allowable  pump  power 
(Figures  19-21). 

Metal-Oxide-Metal  (and  Joseph- 
son  junctions)  require  very  thin  oxide 
layers.  This  makes  it  very  difficult  to 
couple  energy  out  of  the  junction. 


Metal-Plasma.  This  junction  is 
virtually  indestructible.  The  output 
power  and  efficiency  should  be  higher 
than  in  a semiconductor  junction; 
however  the  intense  heat  generated  by 
the  plasma  and  the  plasma’s  stability 
are  problems. 

(2)  Difference  Frequency  Gene- 
ration. (Figure  22)  Two  frequencies 
are  input  to  an  optical  material  with  a 
non-linear  index  of  refraction  at  the 
two  frequencies.  The  output  frequency 
is  equal  to  the  difference  between  the 
two  input  frequencies.  An  additional 
requirement  is  “phase-matching”. 
This  requirement  is  imposed  because 
mixing  must  take  place  over  distances 
much  greater  than  a wavelength  and 
is  equivalent  to  requiring  conservation 
of  momentum.  To  maintain  phase 
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Figure  18.  Relationship  between  line 
shapes  for  emission  and  absorption 


matching  over  the  full  tuning  range  of 
the  generator  normally  requires 
changes  of  the  temperature,  the  mag- 
netic field,  or  the  orientation  of  the 
crystal  with  respect  to  the  input 
beams.  The  efficiency  of  power  conver- 
sion is  specified  by  the  Manley-Row 
limit.  This  limit  says  that  the  total 
number  of  photons  at  the  difference 
frequency  must  be  less  than  or  equal  to 
the  number  of  photons  in  either  of  the 
two  input  beams,  i.e.,  no  more  than  one 
photon  is  produced  by  the  interaction. 
The  result  is  that  the  limiting  effic- 
iency for  production  of  millimeter/ 
submillimeter  radiation  with  visible  or 
near  infrared  radiation  is  about  10' 3. 
Typical  materials  are  InSb,  ZnGePa, 
GaAs,  LiNb02,  and  ZnO. 


Advantages: 

• The  CW  device  is  very  coherent. 

• Can  be  tuned  over  a wide  frequency 
range;  the  actual  range  is  material 
dependent 

Disadvantages: 

• The  pulsed  device  is  not  very  co- 
herent and  there  is  a large  variation 
in  the  pulse  to  pulse  output  power. 

• Extremely  limited  in  output  power. 
Crystal  heating  is  one  limitation  but 
another  is  material  properties. 

• Two  pump  frequencies  are  required. 
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Figure  19.  Second  harmonic  conversion 
loss  versus  fundamental  frequency  for  point 
contact  diodes  (Reference  1) 

• A simpler  system  than  the  difference 
frequency  generator.  Only  one 
pumping  frequency  is  required. 

Disadvantages: 

• Power  density  requirements  rule  out 
CW  operation.  Pump  power  den- 
sities are  as  high  as  50  MW/cm2. 

• Difficult  to  achieve  high  coherence. 

(4)  Stimulated  Raman  Scatter- 
ing. A cubic  non-linearity  is  important 
here  as  well  as  a resonant  scattering 
process.  An  interaction  between  the 


(3)  Parametric  Oscillators.  This 
device  requires  a material  with  a large 
quadratic  non-linearity.  Crystals 
without  a center  of  inversion  sym- 
metry meet  this  requirement.  Ex- 
amples are  LiNbOg,  and  LilOg.  Both 
the  idler  (the  2nd  pump  frequency)  and 
output  frequency  are  produced  by  the 
pump  field  in  this  device.  Very  high 
pump  power  densities  are  required. 
The  Manley-Rowe  limit  applies  to  this 
device. 

Advantages: 

• Tunable. 
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pump  photon  and  the  electrons  in  the 
medium  results  in  a vibrational  or 
electronic  excitation  in  the  medium 
and  a photon  of  lower  energy  (lower 
frequency).  An  example  is  the  “spin 
flip  laser”  using  InSb  where  the 
excitation  in  the  medium  (InSb)  is  a 
spin  reversal  of  conduction  electrons. 
To  date  the  longest  wavelength  ob- 


tained directly  is  about  100  um  in  InSb. 
Another  method  of  obtaining  longer 
wavelengths  is  to  mix  the  output  of 
one  spin  flip  laser  with  the  pump 
frequency  in  another  spin  flip  laser. 
(Hg,  Cd)  Te  is  a more  efficient  material 
than  InSb  but  direct  conversion  has 
not  been  demonstrated  to  date. 
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Figure  20.  Second  harmonic  conversion 
efficiency  versus  input  power  of  P-Si  and 
GaAs  (Reference  1) 
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3.  COMPARISON  OF 

CANDIDATE  SOURCES 
FOR  A MILLIMETER 
WAVE  RADAR  SYSTEM. 

Three  frequency  regions  are  present- 
ly of  particular  interest  for  the  opera- 
tion of  near  future  millimeter  wave 
systems.  The  atmospheric  windows 
centered  at  94,  140,  and  220  GHz, 
possess  transmissivities  such  that  one 


can  envision  operation  of  radar  sys- 
tems of  moderate  range  (1-6  km)  at 
these  frequencies.  Beamwidths  at 
these  frequencies  can  be  made  rather 
narrow  with  an  antenna  of  moderate 
size  (Figure  23).  The  diffraction  limitec. 

beamwidths  ( 03db  ) for  a one 

D 

meter  antenna  at  94, 140,  and  220  GHz 
are  then  32,  21,  and  13  milliradians 
respectively  and  can  be  obtained  from 
the  nomograph  in  Figure  23.  At  these 
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Figure  21.  Third  harmonic  conversion 
efficiency  of  P-Si  and  GaAs  (Reference  1) 
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FREQUENCY 

MEASURING 

CHAIN 


CARCINOTRON 
(LOCAL  OSCILLATOR) 
0.9  mm 


Figure  22.  Noncollinear  difference  frequency  generation 

(Reference  5) 


beamwidths,  a practical  radar  system 
can  engage  targets  in  a surface  to 
surface  mode  at  moderate  range 
without  undue  difficulties  due  to  target 
to  background  signal  ratio  or  multi- 
path.  Finally,  a technology  exists  at  all 
three  frequencies.  The  component 
technology  is  fairly  well  developed  at 
94  GHz.  At  220  GHz,  the  component 
technology  is  considerably  less  deve- 


loped despite  the  obvious  payoff  of 
much  improved  tracking  capability  at 
this  frequency.  The  140  GHz  techno- 
logy is,  as  might  be  expected,  less  deve- 
loped than  that  of  94  GHz  and  more 
developed  than  that  of  220  GHz. 

Table  2 illustrates  the  present 
performance  capabilities  of  sources 
which  show  promise  for  implemen- 
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Table  2.  Performance  capabilities  of  sources  at  the  94, 140,  and  220  GHz  windows. 

FREQ.  OUTPUT  POWER  EFFICIENCY  CUBE/ 


Figure  23.  Submillimeter  Radar  Resolution  Nomograph 


tation  in  millimeter  wave  systems  generic  name  of  gyrotrons)  which 

either  immediately  or  in  the  near  show  promise  of  being  reduced  to 

future.  practical  size  and  weight  for  tactical 

systems,  as  well  as  being  very  effic- 
ient. This  fact,  coupled  with  the  rapid 
Present  US  cyclotron  resonance  advance  of  US  technology  in  the 

devices  are  both  too  bulky  and  too  development  of  these  devices  sugges- 

inefficient  to  be  considered  for  imple-  ted  the  inclusion  of  such  devices  in 
mentation  in  a tactical  mm  radar  Table  3,  which  predicts  the  near  term 

system.  The  Soviets  are  developing  growth  of  the  technology  for  these 

cyclotron  resonance  devices  (under  the  devices . 
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Table  3.  Projected,  Cyclotron-Maser,  Mllllmeter-Wave  Sources 


DEVICE 

1 

2 

3 

4 

Development  Time 

2 years 

3 years 

4 years 

4 years 

Wavelength 

8 mm 

8 mm 

3-4  mm 

0.8  mm 

Peak  Power 

100  kW 

10  MW 

10  MW 

2 MW 

Power  Variability 

full 

full 

full 

none 

Average  Power 

25  kW 

10  kW 

10  kW 

1 W 

Pulse  Length 

100  sec 

1 sec 

1 sec 

50  ns 

Rep.  Rate 

2500  pps 

1000  pps 

1000  pps 

10  pps 

Waveguide  Mode 

IE00’ 

TE°01 

T|»°  02 

Amplifier/Oscillator 

amplf. 

amplf. 

amplf. 

osc. 

Gain 

20  dB 

20  dB 

20  dB 

N.  A. 

Bandwidth 

1% 

10% 

10% 

10% 

Tunability 

5% 

30% 

30% 

30% 

Device  Efficiency 

40% 

25% 

25% 

Phase/0.1%  Voltage  Change 

4 deg. 

4 deg. 

6 deg. 

N.  A. 

Cyclotron  Harmonic 

fundamental 

2nd 

fundamental 

Magnetic  Field 

15  kG 

12  kG 

48-64  kG 

Noise  Figure 

30  dB 

30  dB 

30  dB 

N A 

Device  Weight 

120  lbs. 

100  lbs. 

100  lbs. 

3' 
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The  optically  pumped  molecular 
lasers  are  presently  limited  to  use  as 
laboratory  tools.  There  are,  however, 
several  reasons  for  closely  monitoring 
the  state  of  t/v-  ort  of  these  devices. 
There  is  no  fundamental  upper  limit  on 
the  power  of  these  devices,  and  they 
are  inherently  very  coherent.  The 
OPM  laser  is  quite  obviously  a good 
candidate  for  inclusion  in  a dual  mode 
system,  since  it  is  inherently  dual 
mode,  the  pumping  device  typically 
being  a medium  power  CO2  laser, 
operating  around  10.6  sm,  coaxial 
with  the  millimeter  wave  lasing 
cavity. 

It  is  seen  from  Table  2 that  reflex 
klystron  power  output  at  the  frequen- 
cies of  interest  is  extremely  low.  Reflex 
klystrons  are,  however,  very  stable 
sources,  especially  when  controlled  by 
a crystal  oscillator,  so  the  reflex 
klystron  is  a good  candidate  for  a 
stable  local  oscillator  in  a mixer,  or 
perhaps  for  frequency  stabilization  of 
some  more  powerful  source,  such  as  a 
backward  wave  oscillator.  The  94  GHz 
magnetron  listed  in  Table  2 is  a 
reasonably  powerful  source.  Magne- 
trons are,  of  course,  generally  far  less 
amenable  to  frequency  stabilization 
than  klystrons,  so  use  of  a magnetron 
to  obtain  doppler  information  from  the 
target  might  require  a noncoherent 
MTI  technique.  The  powerful  travel- 
ling wave  tube  mentioned  in  Table  2 is 
a Hughes  development.  This  tube  is 
phase  locked  to  a Gunn  diode  and  is 
obviously  an  excellent  candidate  for  a 
coherent,  CW  source  at  94  GHz.  TWT 


developments  above  94  GHz  are  yet  to 
come,  the  feeling  in  the  industry  being 
that  seed  money  would  be  needed  to 
work  at  higher  frequencies. 

Progress  in  the  technology  of  solid 
state  devices  has  been  quite  rapid, 
particularly  with  regard  to  IMPATT 
diodes,  thanks  to  the  Hughes  efforts  in 
general,  and  especially  at  high  fre- 
quency. The  140  and  220  GHz  IMPATT 

transmitters  were  developed  by 
Hughes  as  part  of  BRL’s  systems 
efforts  at  these  frequencies.  The 
situation  at  present  is  such  that 
IMPATT’s  are  the  only  solid  state 
devices  which  produce  enough  power 
to  operate  as  transmitters  at  the 
frequencies  of  interest.  IMPATT  power 
output  may  be  increased  beyond  the 
levels  shown  by  operation  of  several  of 
the  devices  in  parallel  (power  combi- 
combination).  The  chief  problem  with 
IMPATT’s  is  frequency  stability.  The 
devices  are  not  presently  coherent 
enough  to  permit  doppler  detection, 
unless,  as  in  the  magnetron  case, 
noncoherent  MTI  techniques  can  be 
utilized.  Gunn  diodes,  which  presently 
have  very  low  power  outputs,  are 
potentially  very  useful  sources,  since 
they  are  quite  stable  and  capable  of 
CW  operation.  They  are  presently  used 
as  local  oscillators  in  millimeter  wave 
mixer  circuits. 

Generally  then,  the  solid  state 
devices  are  lightweight,  rugged,  and 
potentially  inexpensive.  They  present- 
ly suffer  from  low  power  outputs  and, 
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in  the  case  of  the  IMPATT  diodes, 
frequency  stabilization  needs  much 
improvement. 

The  most  notable  BWO’s  are  the 
CSF  (France)  carcinotrons.  Carcino- 
trona  produce  sufficient  power  at  94 
and  140  GHz.  Frequency  stabilization 
may  be  achievable  by  a phase  locking 
technique,  utilizing  a cascaded  phase 
locked  ayatem.  It  is  seen  that  output 
efficiencies  are  rather  low,  and  that  the 
carcinotron  BWO  is  rather  heavy  (40 
lb).  A further  disadvantage  is  the  high 
voltage  power  supply  required  to  drive 
this  tube.  Present  power  supplies  for 
these  tubes  weigh  several  hundred 
pounds.  (The  extended  interaction 
oscillator  of  Varian  (Canada)  is 
somewhat  more  efficient  as  well  as 
being  considerably  lighter  in  weight.) 

4.  RECOMMENDATIONS 

The  current  situation  is,  that  Impatt 
diodes  can  be  implemented  in  near 
term  8yatema,  and  are  lightweight  and 
rugged,  but  are  presently  too  noisy  for 
coherent  operation,  as  well  as  rather 
low  in  power.  Tube  sources,  especially 
the  CSF  carcinotron,  the  Varian 
Extended  Interaction  Oscillator,  and 
the  Hughes  TWT,  are  capable  of 
coherent,  CW  operation,  and  are 
capable  of  producing  sufficient  power 
for  the  mm  radar  application.  Near 
term  systems  should  undoubtedly 
utilize  the  Impatt  or  some  variant  of 
the  tube  sources  just  mentioned.  The 


current  experimental  work  with  Im- 
parts, pioneered  by  BRL,  should  be 
expanded,  and  a parallel  development 
effort  should  be  put  into  the  tube  source 
development.  Seed  money  expended  on 
frequency  stabilization  for  tubes  and 
power  supply  development,  in  addition 
to  tube  development,  should  provide 
considerable  improvement  in  tube 
performance  in  a short  time. 

Current  efforts  on  REB’s  and  cyclo- 
tron maser  type  devices,  as  well  as  the 
free  electron  laser,  should  be  moni- 
tored closely,  and  application  of  funds 
should  be  made  in  areas  which  would 
enhance  the  potential  of  these  devices 
for  short  range  radar  systems.  Relativ- 
istic electron  beam  devices  (this  does 
not  include  the  gyrotron),  however, 
may  not  be  expected  to  provide  an 
immediate  payoff  for  a short  range 
radar.  Efforts  in  laser  development 
should  be  considered  in  the  same  light 
as  REB’s  and  cyclotron  masers.  The 
millimeter  laser  systems  presently  in 
existence  are  laboratory  devices,  and 
as  such  are  large  and  delicate  com- 
pared to  the  desired  end  source.  The 
inherent  frequency  stability  of  lasers 
and  their  promise  as  dual  mode 
IR/mm  sources  does  make  laser  deve- 
lopment work  attractive.  The  magne- 
tron tube  is  probably  not  a promising 
candidate  for  a millimeter  source. 
Reflex  klystrons  and  Gunn  diodes  are 
both  too  low  in  power  to  be  effective 
mm  wave  transmitter  sources,  but 
both  may  function  well  as  local 
oacillatora,  both  in  receivers,  and  for 
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phase  control  of  the  more  powerful 
tubes.  InP  technology  needs  support  to 
allow  it  to  develop  to  level  comparable 
to  GaAs  in  technology. 

In  sum,  then,  near  term  (next  seven 
years)  systems  must  use  either  the 
Impatt  diode  (if  size  and  weight  are  the 
dominant  factor)  or  one  of  three  tube 
sources,  TWT,  BWO,  or  EIO,  if  coher- 
ent operation  and  power  output  are  the 
most  important  factors.  The  relativ- 
istic electron  beam  devices,  cyclotron 
resonance  tubes  and  OPM  lasers  are 
promising  sources  for  future  systems. 
Careful  consideration  should  be  given 
to  funding  development  on  these 
devices  and  work  for  future  (fifteen 
years)  systems.  Critical  areas  which 
should  be  addressed  immediately  for 
near  term  systems  include: 

• Doppler  potential  of  Impatts. 

• Phase  noise  control  of  BWO’s  and 
EIO’s. 


• Development  of  small  rugged  power 
supplies  for  mm  tube  sources. 

• Development  of  improved  InP 
devices. 

Current  development  of  mm  systems 
at  94  GHz  is  especially  promising, 
since  the  component  technology  is 
mature  at  that  frequency.  Operation  at 
220  GHz  (and  higher)  is  especially 
desirable  in  some  applications  since 
the  narrow  beam  capability  would  give 
such  a system  many  of  the  advantages 
of  a laser  system.  The  beginning  of  a 
component  technology  exists  at  220 
GHz,  while  there  is  none  at  shorter 
wavelengths.  Therefore,  the  most 
promising  frequencies  for  current 
development  from  a source  viewpoint 
are  94  GHz,  140  GHz,  and  220  GHz, 
and  the  most  promising  devices  for 
near  term  systems  are  Impatts,  TWT’s 
(94  GHz),  EIO's,  BWO’s  and  gyrotrons 
(at  220  GHz). 


BIBLIOGRAPHY 


1.  Aggarwal,  R.  L.;  Lax,  B.;  Fetter- 
man,  H.  R.;  Tannewald,  P.  E.;  and 
Clifton,  B.  J.,  “CW  Generation  of 
Tunable  Narrow-Band  Far-Infrared 
Radiation”, J.  Appl.  Phys.  45,  pp 
3972-3974  (1974).  Geometry  of  non- 
collinear  mixing  in  GaAs  shown. 
Linewidth  and  fine  tuning  capability 
measured. 

2.  Aggarwal,  R.  L.;  Lax,  B.;  and 
Favrot,  G.,  “Noncollinear  Phase 
Matching  in  GaAs.”  Appl.  Phys. 
Lett.  22,  pp  329-330  (1973).  Noncol- 
linear mixing  in  GaAs  using  TEA  CO  2 * 
lasers  to  produce  about  100  Mm. 

3.  Babkin,  Yu.  S.,  et  al,  Apparatus 
for  Investigating  the  Propagation  of 
Submillimeter  Radio  Waves,”  Instru- 
ments and  Experimental  Techniques, 
no.  1,  Jan-Feb  1968.  (USSR)  This  paper 
discusses  a BWO  transmitter 
operating  at  1.2-0.83  mm,l  mW  power, 
short  term  frequency  stability  of  better 
than  10 '5. 

4.  Baprowski,  J.,  Smith,  C.,  and 
Bemues,  F.  J.,  Phase  Locked  Solid 
State  MM-Wave  Sources,”  Micro- 
wave  Journal,  1976,  pp  41-44.  Dis- 
cusses injection  locking  of  millimeter 
wave  sources. 

5.  Batt,  R.  J.,  and  Harris,  D.  J., 
‘‘Submillimeter  Waves”  The  Radio 
and  Electronic  Engineer,  Vol.  46, 
no.  8/9,  pp  379-392.  A summary  of 


submillimeter  wave  generators  and 
detectors  is  presented. 

6.  Benson,  F.  A.  (Editor),  “Milli- 
metre and  Submillimetre  Waves,” 
ILIFFE  Books  Limited,  London,  1969 
(TK  7876  M654),  pp  11-236.  Contains 
nine  papers  on  generation  of  milli- 
meter and  submillimeter  waves,  with 
an  extensive  bibliography  (180  refer- 
ences). 

7.  Bott,  J.  B.,  “A  Powerful  Source  of 
Millimetre  Wavelength  Electromag- 
netic Radiation,”  Physics  Letters, 
Vol.  A.,  No.  4,  15  February  1965,  pp 
293-294.  Millimeter  radiation,  X = 1.06 
— 3.8  mm  was  detected  from  an  REB 
device  in  which  free  electrons  were 
injected  into  a uniform  magnetic  field. 

8.  Brown,  F.,  Hislop,  P.  D.,  and 
Kronheim,  S.  R.,  “Characteristics  of  a 
Linearly  Pumped  Laser  Oscillator- 
Amplifier  at  496  Mm  . ” Appl.  Phys. 
Lett.  28,  pp  654-656  (1976).  R V 
powers  of  more  than  30  kW  in  a 
linewidth  of  less  than  60  MHz.  Scaling 
suggests  that  MW  level  peak  powers 
can  be  obtained  using  less  than  140 
MW  of  CO2  pump  power  in  an  ampli- 
fier less  than  2 meters  long. 

9.  Castro,  Alfredo  A.,  and  Ziol- 
kowski,  Fred  P.,  “Generation  of  Milli- 
meter Wave  Signals  of  High  Spectral 
Purity,”  IEE  Transactions  (MTT), 
Vol.  MTT-24-No.  11,  November  1976. 


41 


Deals  with  the  general  considerations, 
approach,  and  state-of-the-art  limi- 
tations for  the  generation  of  mm-wave 
signals  of  high  spectral  purity. 

10.  Carmel,  Y.,  and  Nation,  J.  A., 
Application  of  Intense  Relativistic 
Electron  Beams  to  Microwave  Gene- 
ration,” Journal  of  Applied 
Physics,  Vol.  44,  No.  12,  December 
1973,  pp  5269-5274.  Reports  experi- 
mental results  on  8 to  12  GHz  micro- 
wave  generation  by  injection  of  an 
electron  beam  into  a rippled  magnetic 
field. 

11.  Carmel,  Y.,  and  Nation,  J.  A., 
" Microwave  Emission  from  an  Aniso- 
tropy Instability  in  a High  Current 
Relativistic  Electron  Beam,”  Physi- 
cal Review  Letters,  Vol.  31,  No.  13, 
24  September  1973,  pp  806-808  (4 
references). 

12.  Chao,  Chente,  Bemic,  Robert  L., 
Ying,  Robert  S.,  Weller  Kenneth  P., 
Lee,  Don  H.,  and  Nakaji,  Edward  M., 
‘‘Pulsed  Impatt  Diode  Oscillators 
above  200  GHz.”  Report  on  work  in 
part  by  US  Army  Ballistics  Research 
Laboratories  under  Contract  No. 
DAAD05-76-C-0744,  and  in  part  by  the 
Air  Force  Avionics  Laboratories, 
under  Contract  No.  F33615-76-C-1100. 

13.  Chang,  T.  Y.,  ‘‘Optically  Pumped 
Submillimeter  Wave  Sources,”  IEEE 
Trans.  MTT-22,  pp  983-988  (1974). 
Review  of  the  operation  of  optically 
pumped  submillimeter  lasers  with  a 


list  of  the  observed  laser  lines  and  the 
molecules  that  produced  them. 

14.  Coleman,  Paul  D.,  ‘‘States  of  the 
Art:  Background  and  Recent  Develop- 
ments — Millimeter  and  Submilli- 
meter Waves,”  IEEE  Transactions 
(MTT),  September  1963,  pp  271-288. 
This  report  presents  basic  considera- 
tion in  the  generation  of  submillimeter 
waves  and  includes  a list  of  157 
references  dating  from  1959  to  1963. 

15.  Coleman,  Paul  D.,  “Present  and 
Future  Problems  Concerning  Lasers  in 
the  Far-Infrared  Spectral  Region,  ” J. 
Opt  Soc  Am  67,  894-901  (1977).  Basic 
problems  of  far-infrared  lasers  are 
discussed  with  respect  to  present  and 
future  developments.  Conclusion  is 
that  detailed  understanding  and 
development  of  these  devices  are  still 
in  the  future. 

16.  Cotter,  D.,  Hanna,  D.  C.,  and 
Wyatt,  R.,  “A  High  Power,  Widely 
Tunable  Infrared  Source  Based  on 
Stimulated  Electronic  Raman  Scatter- 
ing in  Caesium  Vapour,”  Optics 
Comm  1C,  pp  256-258  (1976).  Radia- 
tion produced  below  15  j«n  but  the 
technique  is  of  interest. 

17.  Day,  Walter  R.,  “Stabilization  of 
Microwave  Oscillators  by  Injection 
Phase  Locking,”  Microwave  Jour- 
nal, March  1967,  pp  35-39.  A concise 
discussion  of  injection  locking  of 
oscillators. 


42 


4 


18.  Deacon,  D.  A.  G.,  Elias,  L.  R., 
Madey,  J.  M.  J.,  Ramian,  G.  J., 
Schwettman,  H.  A.,  and  Smith,  T.  L., 
“First  Operation  of  a Free  Electron 
Laser,”  Physical  Review  Letters, 
Vol.  38,  No.  16,  18  April  1977,  pp  892- 
894.  Describes  the  operation  of  a free- 
electron  laser  oscillator  at  3.4  tan  . 

19.  DeTemple,  T.  A.,  Plant,  T.  K.,  and 
Coleman,  P.  D.,  “Intense  Superradiant 
Emission  at  496  tan  From  Optically 
Pumped  Methyl  Flouride,”  Appl. 
Phys.  Lett.  22,  pp  644-646  (1973). 
Pulses  of  about  1 kW  peak  power  and 
150  Msec  duration  observed  fro  n 
methyl  flouride  excited  by  0.6  MW 
pulses  from  a CC>2  laser. 

20.  Drozdowicz,  Z.,  Temkin,  R.  J., 
Button,  R.  J.,  and  Cohn,  D.  R.,  “Effi- 
cient High-power  CH^F  Amplifier  for 
a 496 ion  Cavity,”  Appl.  Phys.  Lett. 
28,  pp  328-330  (1976).  Submillimeter 
wave  amplifier  at  496  Mm  Amplifier 
gain  as  a function  of  pressure  is  given. 

21.  Efthimion,  P.  C.,  and  Schlesinger, 
S.  P.,  “Direct  Measurement  of  Broad 
Spectral  Electromagnetic  Wave 
Energy  Generated  by  an  Intense 
Relativistic  Electron  Beam,”  Applied 
Physics  Letters,  Vol.  30,  No.  6,  15 
March  1977,  pp  259-261. 

22.  Elias,  L.  R.,  Fairbank,  W.  M., 
Madey,  J.  M.,  Schwettman,  H.  A.,  and 
Smith,  T.  I.,  “Observation  of  Stimu- 
lated Emission  Radiation  by  Relativ- 
istic Electrons  in  a Spatially  Periodic 


Transverse  Magnetic  Field,”  Phys. 
Rev.  Lett.  36,  pp  717-720  (1976).  Gain 
was  observed  at  10.6  Mm  in  a relativ- 
istic e-beam.  Again  of  7%/pass  at  an 
electron  current  of  70  mA  was 
observed.  This  device  is  now  called  a 
free-electron  laser. 

23.  Elias,  Luis  R,  Fairbank,  William  M., 
Madey,  John  M.  J.,  Schwettman,  H. 
Alan,  and  Smith,  Todd  I.,  “A  Discuss- 
ion of  the  Potential  of  the  Free  Electron 
Laser  as  a High  Power  Tunable  Source 
of  Infrared,  Visible,  and  Ultraviolet 
Radiation,”  Department  of  Physics 
and  High  Energy  Physics  Laboratory, 
Stanford  University,  June  1976.  De- 
scribes the  class  of  devices  called  free 
electron  lasers,  including  the  physical 
mechanism,  potential  for  power,  tun- 
ability,  and  efficiency,  as  well  as  the 
impact  of  such  a device  on  the  techno- 
logy- 

24.  Fleischman,  Hans  H.,  “High 
Current  Electron  Beams,”  Physics 
Today,  May  1975,  pp  35-43.  Includes  a 
discussion  of  production  of  millimeter 
waves  by  electron  beams  accelerators. 

25.  Flyagin,  V.  A.,  Gaponov,  A.  V., 
and  Yulpatov,  V.  K.,  “The  Gyrotron,” 
IEE  Transactions  (MTT),  Vol.  MTT- 
25,  No.  6,  June  1977,  pp  514-521. 
Describes  Genealogical  tree  of  the 
gyrotron,  arrangement  of  the  gyro- 
tron, structure  of  the  field  in  the 
gyrotron,  equations  of  the  gyrotron, 
and  varieties  of  the  gyrotron. 


43 


26.  Forster,  D.  C.,  " High  Power 
Sources  of  Millimeter  Wavelengths,  ” 
Proceedings  of  the  IEEE,  Vol.  54,  No. 
4,  April  1966.  Design  considerations 
for  high  power  millimeter  wave  oscilla- 
tors and  amplifiers  are  discussed. 
Paper  favors  linear  beam  designs. 

27.  Friedman,  M.,  " Emission  of 
Intense  Microwave  Radiation  from  an 
Automodulated  Relativistic  Electron 
Beam,"  Applied  Physics  Letters, 
Vol.  26,  No.  7, 1 April  1975,  pp  366-368. 
Relativistic  E-beam  devices  of 500  MW 
power,  30%  efficiency  at  2.9  GHz. 

28.  Friedman,  M.,  and  Herndon,  M., 
“Emission  of  Coherent  Microwave 
Radiation  from  a Relativistic  Electron 
Beam  Propagating  in  a Spatially 
Modulated  Field, " Physics  of  Fluids, 
Vol.  16,  No.  11,  November  1973,  pp 
1982-1995.  REB  device  generated 
microwaves  were  measured  at  X,  Ku 
and  Ka  band.  Power  generated  was  a 
30  MW. 

29.  Friedman,  M.,  and  Herndon,  M., 
“Microwave  Emission  Produced  by  the 
Interaction  of  an  Intense  Relativistic 
Electron  Beam  with  a Spatially  Modu- 
lated Magnetic  Field,”  Physical 
Review  Letters,  Vol.  28,  No.  4,  24 
January  1972.  REB  device  generated 
radiation  at  A = 3.8  cm,  the  character- 
istic length  of  the  rippled  magnetic 
field.  Radiation  was  fairly  monochro- 
matic. (aX/X  = .05) 


30.  Friedman,  M.,  Hammer,  D.  A., 
Manheimer,  W.  M.,  and  Sprangle,  P., 
“Enhanced  Microwave  Emission  Due 
to  the  Transverse  Energy  of  a Relativ- 
istic Electron  Beam,"  Physical 
Review  Letters,  Vol.  31,  No.  12,  17 
September  1973,  pp  752-755.  The  role  of 
the  transverse  energy  of  a magneti- 
cally focused  intense  relativistic 
electron  beam  in  the  emission  of 
microwaves  is  investigated. 

31.  Gallagher,  J.  J.,  Blue,  M.  D., 
Bean,  B.,  and  Perkowitz,  S.,  “Tabula- 
tion of  Optically  Pumped  Far  Infrared 
Laser  Lines  and  Applications  to 
Atmospheric  Transmission,"  Infra- 
red Phys.  17,  pp  43-55  (1977).  Over 
450  laser  transitions  are  listed  and  the 
positions  of  the  lines  are  compared 
with  the  atmospheric  attenuation  over 
the  spectral  band  from  37  /*m  to  1.8 
mm. 

32.  Gershmann,  H.  B.  “A  Review  of 
Millimeter  Wave  Technology ,”  pre- 
pared for  the  US  Air  Force,  ESD-TR- 
73-354.  Millimeter  wave  survey  cen- 
tered on  K-  and  V-band  devices  for  the 
1975-1980  time  frame.  Addresses  the 
question  of  tubes  versus  sollid  state 
devices. 

33.  Goldwasser,  R.  E.,  and  Caldwell, 
J.  F.,  “Millimeter  Wave  Gunn 
Devices,"  Varian  Associates  Applica- 
tion note.  Discusses  applications, 
device  ■ design  and  characterization, 


oscillator  circuit  approaches  and 
performance,  reflection  amplifiers, 
reliability,  and  expected  future  deve- 
lopments. 

34.  Granatstein,  V.  L.,  Herndon,  M., 
Parker,  R.  K.,  Sprangle,  P.,  “Coherent 
Synchrotron  Radiation  from  an 
Intense  Relativistic  Electron  Beam,” 
IEE  Journal  of  Quantum  Elec- 
tronics, September  1971,  pp  651-654. 
25  MW  of  narrow-band  power  gene- 
rated at  7.8  GHz  by  a magnetic  field  of 
novel  configuration  in  an  REB. 

35.  Granastein,  V.  L.,  et  al,  “Strong 
Submillimeter  Radiation  from  Intense 
Relativistic  Electon  Beams,”  Naval 
Research  Laboratory,  August  1974, 
NTIS  Number  AD-784  996.  A good 
basic  discussion  of  the  operation,  vices 
and  virtues  of  relativistic  electron 
beam  devices. 

36.  Granatstein,  V.  L.,  and  Sprangle, 
P.,  “Mechanisms  for  Coherent  Scatter- 
ing of  Electromagnetic  Waves  from 
Relativistic  Electron  Beams,”  IEE 
Transactions  (MTT),  Vol.  MTT-25, 
No.  6,  June  1977,  pp  545-550.  Review 
paper  in  which  production  of  submilli- 
meter radiation  by  coherent  scattering 
from  relativistic  electron  beams  is 
discussed. 

37.  Granatstein,  V.  L.,  Sprangle,  P., 
Parker,  R.  K.,  and  Herndon,  M.,  “An 
Electron  Synchrotron  Maser  on  an 
Intense  Relativistic  Electron  Beam,” 

Journal  of  Applied  Physics,  Vol. 


46,  No.  5,  May  1975,  pp  2021-2028. 
Cyclotron  maser  operated  at  8 GHz 
with  a 50  MW  coherent  output. 

38.  Graybill,  S.  E.,  and  Hablo,  S.  V., 
“The  Generation  and  Diagnosis  of 
Pulsed  Relativistic  Electron  Beams 
above  1010  watts,”  IEEE  Trans- 
actions (NS),  June  1963,  pp  782-788.  A 
review  of  the  several  approaches  to  the 
generation  of  intense  electron  streams. 

39.  Green,  August  H.,  Jr.,  and  King, 
Fan,  “Preliminary  Millimeter  Beam- 
rider  Feasibility  Assessment,”  US 
Army  Missile  Command  Internal 
Technical  Note  RE-77-3,  1 October 
1976,  pp  15-16.  This  report  briefly 
discusses  sources  in  the  context  of  the 
beamrider  application. 

40.  Hewlett  Packard  Co.,  “Silicon 
Double-Drift  Impatt  Diodes  for  High- 
Power  CW  Microwave  Applications," 
Hewlett  Packard  Application  Note 
962.  An  excellent  discussion  of  the 
physics  of  Impatt  diodes,  as  well  as 
injection  locking. 

41.  Hewlett  Packard  Co.,  “Pulse  and 
Waveform  Generation  with  Step  Reco- 
very Diodes,”  Hewlett  Packard  Appli- 
cation Note  918.  This  note  discusses 
physics  of  the  step  recovery  diode, 
which  is  similar  to  the  Impatt,  in 
considerable,  very  comprehensible 
detail. 


45 


42.  Huschfield,  J.  L.  (Chairman), 
" Preliminary  Draft  Report  of  the 
Microwave  Devices  Panel."  Report 
discusses  production  of  very  high 
power  microwaves,  by  coherent  cyclo- 
tron radiation. 

43.  Kisel,  D.  V.,  Korableo,  G.  S., 
Navel'Yev,  V.  G.,  Petelin,  M.  J., 
Tsimring,  SL.  Ye.,  “An  Experimental 
Study  of  a Gyrotron,  Operating  at  the 
Second  Harmonic  of  the  Cyclotron 
Frequency,  with  Optimized  Distribu- 
tion of  the  High  Frequency  Field,” 
Radio  Engineering  and  Electronic 
Physics,  Vol.  19,  No.  95, 1974,  pp 

. Describes  a gyrotron  producing  10 
kW  of  cw  power  at  40%  efficiency  at  8.9 
mm  wavelength. 

44.  Kramer,  N.  B.,  “Millimeter 
IMP  ATT  Devices,”  Hughes  Electron 
Dynamics  Division  Application  Note. 
Discusses  power  output,  efficiency, 
electronic  tuning,  and  packaging  of 
IMPATT  diodes.  Impatts  are  con- 
sidered both  as  oscillators  and  as 
amplifiers. 

45.  Langenberg,  D.  N.,  Scalapino,  D. 
J.,  and  Taylor,  B.  N.,  “Josephson-Type 
Superconducting  Tunnel  Junctions  as 
Generators  of  Microwave  and  Sub- 
millimeter Wave  Radiation,”  Proc  of 
IEEE  54,  pp  560-575  (1966).  Use  of 
Josephson  junction  as  a source  of  5 
GHz  to  1000  GHz  radiation  is 
discussed  and  experimental  results  at 
X-band  are  presented. 


46.  Lau,  A.  M.  F.,  Bischel,  W.  K., 
Rhodes,  C.  K.,  and  Hill,  R.  M.,  “Optical 
Frequency  Conversion  Processes  in 
Atomic  Rydberg  States,”  Appl.  Phys. 
Lett.  29,  pp  245-247  (1976).  Analysis 
of  optical  pumping  Rydberg  states  in 
alkalis  to  create  submillimeter  lasers. 
No  experimental  results. 

47.  Lee,  N.,  Aggarwal,  R.  L.,  and  Lax, 
B.,  “Noncollinear  Folding  Mixing 
Geometries  for  Difference-Frequency 
Far  Infrared  Generation,  ” Optics 
Comm.  11,  pp  339-342  (1974).  Use  a 
multipass  geometry  to  increase  pro- 
duction of  submillimeter  radiation 
from  noncollinear  mixing  in  GaAs. 

48.  Lax,  B.,  Aggarwal,  R.  L.,  and 
Favrot,  G.,  “Far-Infrared  Step-tunable 
Coherent  Radiation  Source:  70pm  to  2 
mm,”  Appl.  Phys.  Lett.  23,  pp  679- 
681  (1973.  Used  noncollinear  mixing  of 
CO2  radiation  in  GaAs  to  produce 
submillimeter  radiation  from  70 pm  to 
2 mm. 

49.  Martin,  D.  H.,  and  Mizuno,  K., 
“The  Generation  of  Coherent  Submilli- 
meter Waves,”  Advances  in  Phys. 
25,  pp  211-246  (1976).  An  excellent 
review  of  available  sources  including 
the  authors’  selection  of  methods  that 
appear  to  offer  prospect  of  future 
development.  The  application  consi- 
dered is  a tunable  coherent  source  for 
spectroscopy. 


i 


50.  McMillan,  R.  W.,  “Semi-Annual 

Status  Report  of  Research  in  Milli- 
meter Wave  Techniques,  "Prepared  for 
NASA  by  the  Georgia  Institute  of 
Technology  under  NASA  Grant  No. 
NSG-5012,  22  July  1976.  Report 

includes  a discussion  of  development 
of  mixers  and  sources  at  GIT, 
including  a 1F3  GHz  radiometer. 

51.  Nation,  John  A.,  “On  the 
Coupling  of  a High-Current  Relativ- 
istic Electron  Beam  to  a Slow  Wave 
Structure,  ” Applied  Physics  Letters, 
Vol.  17,  No.  11,  1 December  1970,  pp 
491-494.  Annular  relativistic  electron 
beams  produced  radiation  in  the  7.8- 
9.7  GHz  range  at  power  levels  of  about 
10  MW  in  a 30  nsec  pulse. 

52.  Plant,  T.  K.,  Newman,  L.  A., 
Danielewicz,  E.  J.,  DeTemple,  T.  A., 
and  Coleman,  P.  D.,  “High  Power 
Optically  Pumped  Far  Infrared 
Lasers,"  IEEE  Trans.  MTT-22,  pp 
988-990  (1974).  100  kW  pulses  at496^m 
were  observed  from  CHgF.  Scaling  to 
higher  powers  is  discussed. 

53.  Radford,  H.  E.,  “New  CW  Lines 
from  a Submillimeter  Waveguide 
Laser,”  IEEEJ  of  Quant  Elec.  QE- 
11,  pp  213-214  (1975).  Sixty-one  laser 
lines  between  0.1  and  0.5  mm  are  listed. 

54.  Rosenblum,  M.,  Temkin,  R.  J., 
and  Button,  K.  J.,  “Submillimeter 
Laser  Wavelength  Tables,”  Appl. 
Opt.  15,  pp  2635-2644  (1976).  A list  of 
the  observed  laser  lines  (over  525)  and 


their  molecules  (26)  observed  in  the 
optical  pumping  with  CO2  laser- 
radiation  of  molecular  gases. 

55.  Rusin,  F.  S.,  and  Boyomolov,  G. 
D.,  “The  Orotron,  An  Electronic 
Device  with  an  Open  Resonator  and  a 
Reflection  Grating,”  Izvestra  VVZ, 
Radiofizika,  Vol.  11,  No.  5,  pp  756- 
762,  1968.  Describes  the  operation  of 
this  “O”  type  electron  beam  device  at 
7.8  mm. 

56.  Sharp,  L.  E.,  Peebles,  W.  A., 
James,  B.  W.,  and  Evans,  D.  E.,  “10  kw 
Cavity  Operation  of  a Submillimeter 
CH^F  Laser,”  Optics  Comm.  14,  pp- 
215-218  (1975).  Operation  of  a pulsed 
submillimeter  laser  with  peak  powers 
of  more  than  10  kw  is  reported. 

57.  Shaw,  E.  D.,  “Far-infrared  Gene- 
ration from  a Spin-Flip  Laser,  ” Appl. 
Phys.  Lett.  29,  pp  28-30  (1976). 
Submillimeter  radiation  near  100  #*m 
produced  in  InSb  using  a CO  2 pump.- 
Only  one  crystal  was  used  instead  of 
the  usual  two  crystal  technique. 

58.  Tanaka,  A.,  Tanimoto,  A., 
Murata,  N.,  Yamanaka,  M.,  and 
Yoshinaga,  H.,  “Optically  Pumped 
Far-Infrared  and  Millimeter  Wave 
Waveguide  Lasers,”  Japan  J.  Appl. 
Phys.  13,  pp  1491-1492  (1974).  Five 
new  lines  in  three  molecules  are 
reported. 

59.  Ulrich,  B.  T.,  and  Kluth,  E.  O., 
“Josephson  Junction  Millimeter 


47 


Microwave  Source  and  Homodyne 
Detector,  ” Proc.  of  IEEE  61,  pp  51-54 
(1973).  Experimental  results  of  a 
receiver  operating  over  the  range  of  1 . 1 
to  2.6  mm  are  given.  The  Josephson 
junction  acts  both  as  the  local  oscilla- 
tor and  the  detector.  It  is  used  to  detect 
its  own  radiation. 

60.  Varian  Associates  (Canada), 
“ Millimeter  Reflex  Klystrons,”  Com- 
pany publication.  This  brochure  de- 
scribes Varian  millimeter  klystrons 
operating  from  50-220  GHz,  with 
output  powers  from  500  mw  - 5 mw. 

61.  Varian  Associates  (Canada), 
“Introduction  of  Extended  Interaction 
Oscillators,”  December  1975.  This 
brochure  describes  the  Varian  EIO, 
including  principles  of  operation  and 
tube  parameters,  power  supply  require- 
ments, and  cooling. 

62.  Weller,  Kenneth  P.,  Ying,  Robert 
S.,  and  Lee,  Don  H.,  ‘‘Millimeter 


IMP  ATT  Sources  for  the  130-170  GHz 
Range,”  IEEE  Transactions  (MTT), 
November  1976,  pp  738-743.  A discus- 
sion of  the  device  and  circuit  design  of 
silicon  IMPATT  sources  in  the  130-170 
GHz  range. 

63.  Yeou,  T.,  “Generation  des  ondes 
millimetriquences,  et  submillimetri- 
ques'  5 erne  Congres  International 
Tubes  Hyperfrequences,” Paris  (1964). 

64.  Ying,  Robert  S.,  etal,  “Millimeter 
Wave  Pulsed  IMPATT  Diode  Oscil- 
lators,” IEEE  Journal  of  Solid 
State  Circuits,  Vol.  SC-11,  No.  2, 
April  1976.  Discusses  the  fabrication 
and  testing  of  doubled  drift  IMPATT 
diodes  for  pulse  source  application  at 
35,  94,  and  140  GHz.  Power  outputs 
were  10,  2,  and  0.7  W respectively. 

65.  Yamanaka,  M.,  “Optically 
Pumped  Waveguide  Lasers,”  J.  Opt. 
Soc.  Am.  67,  pp  952-958  (1977). 


48 


DISTRIBUTION 


No.  of  Copies 


Defense  Documentation  Center 
Cameron  Station 
Alexandria,  VA  22314 

DRSMI-LP,  Mr.  Voigt 

DRDMI-T , Dr.  Kobler 
-TBD 

-TE,  Dr.  Carruth 
-TR,  Dr.  Guenther 
-TI,  Record  Copy 
-TI,  Reference  Copy 


49 


